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Colorimetric sensor arrays demonstrate numerous superior features in chemo- and bio-sensing, but they 
are generally not applicable to less-reactive analytes. Based on the findings that N-methyl carbamate 
pesticides could be decomposed into reactive phenols in basic media, herein, a novel strategy of strong 
base pre-treatment was developed and employed for the colorimetric sensor array detection and 
differentiation of the N-methyl carbamate pesticides in an indirect manner. With the use of five 
inexpensive and commercially available phenol responsive indicators, such a colorimetric sensor array 
can be facilely fabricated. Classification analysis (e.g. hierarchical clustering analysis (HCA) and principal 
component analysis (PCA)) reveals that the as-fabricated sensor array has an extremely high 
dimensionality and, consequently, exhibits excellence in discriminating a variety of N-methyl carbamates 
from other types of pesticides and potential interferants, and further identifying them exactly from each 
other. Moreover, semi-quantitative detection could also be achieved through combining HCA/PCA, 
recognition patterns, and corresponding fitting curves. Overall, the as-developed method exhibits high 
selectivity and sensitivity, good anti-interference, simultaneous detection and identification capability for 
each of the N-methyl carbamate pesticides, and potential applicability in real samples. Most importantly, 
this study demonstrates that pre-treatment strategies are very effective in expanding the range of 


applications of colorimetric sensor array methodology to less-reactive analytes. 


Introduction 


The use of pesticides plays a critical role in improving crop yield 
in modern agriculture. However, the extensive and long-term 
use of pesticides has caused severe contamination of air, 
water, soil and agricultural products, and thus is seriously 
threatening to ecosystems and humans.* Due to the relatively 
low toxicity, low persistence in the environment and high 
effectiveness for insect and pest eradication, carbamate pesti- 
cides are used as one of the most routine classes of pesticides 
nowadays. Nevertheless, they also exhibit acute toxicity to 
human health through their contamination of and residues in 
agricultural products.” Therefore, the development of effective 
but simple and inexpensive methods for selective and quanti- 
tative detection of carbamates is of high importance toward the 
concerns of environmental protection and public safety. 
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In the past decades, a wealth of techniques have been 
developed for the assay of pesticides in food and water, such as 
liquid/gas chromatography,* chromatography and mass spec- 
trometry,’ electroanalysis,” immunochips,° and enzyme-linked 
immunosorbent assays (ELISAs).’ All these methods, though 
highly selective and sensitive, have to rely upon expensive and 
sophisticated instruments and/or skilled manpower, which are 
impractical for regular environments and food safety moni- 
toring. To overcome these shortcomings, some novel methods 
including acetylcholinesterase inhibition and nanoparticle 
based colorimetric approaches have emerged recently.® 
However, these methods usually show high-cost, instability 
and/or poor specificity. Given practical requirements, it is still 
of great significance to develop simple, sensitive, inexpensive 
and easy-handling techniques that can be not only for detec- 
tion, but also for discrimination of pesticides. Fortunately, the 
recently built sensor array and pattern-recognition technologies 
make such a task possible. 

Sensor array methodology has shown to have advantages in 
accuracy, diversity and capacities in simultaneous detection and 
discrimination of multiple analytes, thus attracting much atten- 
tion in recent years.’ In general, colorimetric sensor arrays utilize 
strong interactions (e.g. Bronsted and Lewis acid-base and redox 
reactions) between an analyte and a diverse set of chemically 
responsive indicators. Therefore, although colorimetric sensor 


arrays have been successfully applied for the detection and 
recognition of a variety of gases/vapors** and analytes in aqueous 
liquids," they generally only work well to reactive analytes and 
are not applicable to weak reactive ones. To solve this limitation, 
researchers recently developed pre-treatment techniques for 
improving the sensitivity of colorimetric sensor arrays to the less- 
reactive analytes in an indirect manner. For instance, strong 
oxidant and solid acid pre-treatments had been employed, 
respectively, for the highly sensitive detection and discrimination 
of 20 volatile organic compounds” and an explosive (ie. tri- 
acetone triperoxide)."* 

Inspired by the above knowledge and the findings that N- 
methyl carbamate pesticides could be decomposed into reactive 
phenols in basic media,“ herein, a novel strategy of strong base 
pre-treatment was developed and employed to the colorimetric 
sensor array detection and differentiation of the less-reactive 
N-methyl carbamate pesticides in an indirect manner. Specifi- 
cally, the colorimetric sensor array can be facilely fabricated 
with the use of five reported and commercially available 
phenols sensitive indicators,*”** which exhibits excellences not 
only in discriminating N-methyl carbamates from other types of 
pesticides and potential interferants, but further identifying 
them exactly from one another. Moreover, the potential appli- 
cations of this proposed strong base pre-treatment strategy for 
the colorimetric sensor array determination of N-methyl 
carbamates in real samples, such as green tea drinks and apple 
juice, are preliminarily observed as well. This study also further 
demonstrates that pre-treatment can be an effective strategy in 
expanding the range of applications of the colorimetric sensor 
array methodology to less-reactive analytes. 


Experimental section 
Reagents and materials 


Phenol sensitive indicators: 4-nitrobenzenediazonium tetra- 
fluoroborate was purchased from Sinopharm Chemical Reagent 
Co. Ltd; resorcinol, 2,6-dibromoquinone-4-chloroimide, 
3-methyl-2-benzothialinone (MBTH) and hydroxylamine 
hydrochloride were obtained from Aladdin. Ammonium cerium 
sulfate hydrate and sodium nitroferricyanide dehydrate were 
provided by Aladdin; sodium nitrite and sodium hydroxide were 
from Sinopharm Chemical Reagent Co. Ltd. Pesticides: 
carbaryl, metolcarb, isoprocarb, carbofuran, propoxur, prom- 
ecarb, chlorpyrifos, methomyl, pretilachlor and deltamethrin 
were obtained from Aladdin; methiocarb and bendiocarb were 
from Sigma-Aldrich; dioxacarb, fenobucarb and -BHC were 
provided by J&K Scientific. The chemical structures of selected 
pesticides were shown in the ESI, Fig. S1.t Glucose, sucrose and 
vitamin C were obtained from Sinopharm Chemical Reagent 
Co. Ltd, and lysine was provided by Aladdin. All chemicals from 
commercial sources are of analytical grade, and all reagents 
were used as received without further purification unless 
otherwise specified. Deionized water was used throughout this 
study. 

Stock solutions of pesticides were initially dissolved in 
ethanol (0.1 gL’) and then diluted with deionized water before 
use. To minimize the potential effects of hydrolysis, all the stock 


solutions of pesticides were freshly prepared before the exper- 
iments. Two buffers (abbreviated as buffer A and B) are used for 
preparation of phenol responsive indicator solutions, i.e. buffer 
A (pH 14): NaOH (4.8 g), EDTA (2.0 g) and boric acid (0.8 g) were 
dissolved in 50 mL distilled water, and then mixed with equiv- 
alent volume ethanol before use; buffer B (pH 12): 50 mL of 
KH,PO, solution (0.1 M) mixed with 1.75 mL of NaOH solution 
(6.0 M) and then diluted to 100 mL with distilled water. 


Instrumentation 


Imaging of the arrays was performed using a flatbed scanner 
(Epson Perfection V300) for all the sensing experiments. The pH 
measurements were performed with a PHS-3C pH meter. 96- 
well plates (Corning 3632) were purchased from Genetimes 
Technology Incorporated. 


Experimental procedure for the detection of pesticides 


Control solutions for the as-fabricated 1 x 5 array (i.e. 5 phenol 
responsive indicator solutions):1*”"* 4-nitrobenzenediazonium 
tetrafluoroborate (0.1 mM) in Na,CO3;-NaHCO; buffer (10 mM, 
pH 9.5) for sensor unit one; 2,6-dibromoquinone-4-chloroimide 
(100 uM) in Na,CO3;-NaHCO; buffer (10 mM, pH 9.5) for sensor 
unit two; NaNO, (0.15 M), HSO, (0.16 mM) and resorcinol 
(1.1 mM) in NaOH solution (2.78 M) for sensor unit three; 
MBTH (0.4 mM), ammonium ceric sulfate (0.3 mM) and buffer A 
(0.04% v/v) in aqueous solution for sensor unit four; sodium 
nitroprusside (0.2 mM), hydroxylamine hydrochloride (0.8 mM) 
and buffer B (0.06% v/v) in aqueous solution for sensor unit five. 
The composition of the as-fabricated 1 x 5 phenol responsive 
array is summarized in Table S1.T 

Work solutions were prepared in the same procedures as 
that of for control solutions, just by adding a desired amount of 
a certain pesticide that was firstly hydrolyzed in NaOH (1.0 M) 
for 10 min and then neutralized by equivalent HCl (1.0 M). 
Subsequently, the control and work solutions (300 uL) were 
loaded into a 96-well plate respectively for another 10 min, and 
the “before” (from the control solutions) and “after” (from the 
work solutions) images were acquired on an ordinary flatbed 
scanner (Epson Perfection V300). 

Difference maps were obtained by taking the difference of 
the red, green, and blue (RGB) values from the center of every 
colorant spot (in 96-well plates) from the “before” and “after” 
images. Subtraction of the two images yielded a difference 
vector of 3N dimensions, where N is total number of sensor 
units (for our one by five array, this difference vector is 15 
dimensions). Digitization of the colour differences can be per- 
formed with Adobe Photoshop. The chemometric analysis was 
carried out on the colour difference vectors using the Multi- 
Variate Statistical Package (MVSP v.3.1, Kovach Computing); 
in all cases, hierarchical cluster analysis (HCA)** and principal 
component analysis (PCA)’” were performed on the database 
library using the minimum variance for classification. 


Analysis of pesticide residues in real samples 


As a preliminary test, carbaryl detection in apple juice and green 
tea drinks was taken as an example for real samples. The apple 


juice and green tea drinks were obtained from a local super- 
market, and the coloured samples were decolorized (e.g. by 
activated charcoal) before analysis (10% weight of the sample, 
which had been confirmed to be able to completely decolorize 
these samples and with negligible adsorption of pesticides).*" 
Then the same analysis procedure for pesticide as in aqueous 
solution was used, just by adding a certain amount of decolor- 
ized samples into the control and work solutions, respectively. 


Results and discussion 
Principle and fabrication of the array 


Owing to the weak reactivity, pesticides are hardly to be directly 
applied to the colorimetric sensor array methodology. However, 
based on the literatures and ourselves findings that N-methyl 
carbamate pesticides could be decomposed into reactive 
phenols in basic media,“ and then the produced different 
structured phenols are assumed to induce diverse responses to 
phenol responsive indicators. To be a “proof-of-principle” 
study, herein, five inexpensive and readily available phenol 
sensitive indicators (Table S1 in ESI for details) are selected to 
fabricate a colorimetric sensor array for the indirect determi- 
nation of N-methyl carbamates.’*”"* As illustrated in Scheme 1, 
when pesticides (or other potential interferants) are treated in 
strong base media, only the N-methyl carbamates could 
produce phenols and subsequently induce colour changes of 
the as-fabricated array. Moreover, due to the differences of 
chemical structure of phenols that produced from different 
N-methyl carbamates, this array is supposed to be able not only 
to discriminate N-methyl carbamates from other types of 
pesticides, but to identify them from each other. Note that the 
existence of phenol or its derivatives should be firstly excluded 
for a testing sample, and this can be facilely fulfilled through 
adding the sample into our developed phenol responsive array 
before strong base pre-treatment. 


Array's responses to N-methyl carbamates 


To examine the recognition capabilities of the as-fabricated 
array, ten N-methyl carbamates (i.e. propoxur, isoprocarb, 
carbofuran, carbaryl, promecarb, methiocarb, bendiocarb, 
metolcarb, dioxacarb and fenobucarb), one other kinds of 
carbamate (i.e. methomyl), an organophosphate (i.e. chlor- 
pyrifos), an organochlorine (i.e. a-BHC), a pyrethroid (ie. 
deltamethrin), and a herbicide (i.e. pretilachlor) are randomly 
selected as examples. We firstly investigated the array's 
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Scheme 1 Schematic illustration of the detection principle of the 
developed colorimetric sensor array for N-methyl carbamate 
pesticides. 


responses to the above pesticides at 10 * g L7™* (for N-methyl 
carbamates) and 107° g L™* (for all the others). As shown in 
Fig. S2 and S3,f all the ten N-methyl carbamates presented 
different maps while all of the others were immune, indicating 
sufficient recognition of all the investigated N-methyl carba- 
mates from other pesticides even at 10-fold higher concen- 
trations. Then we defined a 15-dimensional vector (i.e. five 
changes in RGB values of the 1 x 5 array) for quantitative 
comparison of the color changes of the array. The high 
dispersion of sensor array data requires a classification 
algorithm which uses the full dimensionality of the data. 
Consequently, hierarchical cluster analysis (HCA), which is 
a model-free method based on the grouping of the analyte 
vectors according to their spatial distances in their full vector 
space,* is used in this study. HCA dendrograms were formed 
based on the clustering of the array response data in the 15 
dimensional ARGB color space (Fig. 1). As shown in the figure, 
N-methyl carbamates can be easily discriminated from other 
pesticides, herbicides and a control. Interestingly, all the 
randomly selected ten N-methyl carbamates can be accurately 
identified against each other with no error or misclassifica- 
tions in quintuplicate trials. To further verify our array's 
capability in identifying N-methyl carbamates, principal 
component analysis (PCA) was also carried out.” As presented 
in Fig. S4,f a two-dimensional plot was obtained with every 
N-methyl carbamate separating accurately from each other. 
Both the above HCA and PCA results demonstrate that the as- 
developed sensor array could be employed not only for the 
detection but for the discrimination of N-methyl carbamates. 
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Fig. 1 Hierarchical cluster analysis for ten N-methyl carbamates, one 
other kinds of carbamate (i.e. methomyl), organophosphate (i.e. 
chlorpyrifos), organochlorine (i.e. «-BHC), pyrethroid (i.e. deltameth- 
rin), and herbicide (i.e. pretilachlor) and a control; no confusions or 
errors in classification for N-methyl carbamate pesticides were 
observed in 70 trials. The experiments were performed in quintuplicate 
for N-methyl carbamates (RSDs shown in Table S2+) and the control, 
and in triplicate for other pesticides. All the N-methyl carbamates were 
at 107^ g L7, and others were at 10-7 g Lt. 


To further assess the recognition capability of the sensor 
array, another set of lower concentrations of N-methyl carba- 
mates (e.g. 107° g L~') were examined. Again, the array displays 
different recognition patterns to each of the N-methyl carba- 
mates, while no noticeable responses to all of others can be 
observed (Fig. S3 in ESI+). Moreover, the HCA and PCA results 
revealed that all the ten investigated N-methyl carbamates can 
be clearly differentiated from others, and each of them are 
further accurately identified with no error or misclassifications 
(Fig. 2 and S5). 

In this study, the limits of detection (LODs) are calculated for 
each pesticide by extrapolating from the observed array 
responses at the lower investigated concentration (ie., 107° g 
L~*). We have defined the LOD for our array response as the 
pesticide concentration needed to give three times the signal-to- 
noise (S/N) versus background for the sum of the three largest 
responses among the 15 color changes. As a result, the LODs of 
all the ten N-methyl carbamates are calculated to be at the level 
of 10~° g Lt, ie. LODs for carbaryl, metolcarb, isoprocarb, 
carbofuran, propoxur, promecarb, methiocarb, bendiocarb, 
dioxacarb and fenobucarb being 2.5 x 107°, 3.5 x 1076, 4.9 x 
1078, 1.7 x 107°, 5.9 x 107°, 5.1 x 10°°, 6.5 x 10° °, 2.4 x 107°, 
9.5 x 10°° and 5.5 x 107° g L`}, respectively. These calculated 
LODs basically meet the requirements for determination of N- 
methyl carbamates in practical applications. 


Array's discrimination capability to N-methyl carbamates 


The responses of a colorimetric sensor array primarily relying 
on equilibrium reactions between the analytes and indicators, 
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Fig. 2. Hierarchical cluster analysis for ten N-methyl carbamates, one 
other kinds of carbamate (i.e. methomyl), organophosphate (i.e. 
chlorpyrifos), organochlorine (i.e. «-BHC), pyrethroid (i.e. deltameth- 
rin), and herbicide (i.e. pretilachlor) and a control; no confusions or 
errors in classification for N-methyl carbamate pesticides were 
observed in 70 trials. The experiments were performed in quintuplicate 
for N-methyl carbamates (RSDs shown in Table S2+) and the control, 
and in triplicate for other pesticides. All the N-methyl carbamates were 
at 107° g Lt, and others were at 1075 g L71. 


therefore, the same analyte would exhibit different array's 
response patterns at different concentrations. By combining the 
full data sets of the sensor array responses to 10~° and 10~* g 
L* of N-methyl carbamates, the HCA exhibits that the array can 
exactly identify all the selected N-methyl carbamates at both 
concentration sets against one another (Fig. S6t). This result 
demonstrates that our developed colorimetric sensor array can 
be applied for the simultaneous detection and discrimination 
of N-methyl carbamates at 10°-° and 10 *¢L"*. 


Array's sensing properties to a single pesticide 


We next studied the performances of the as-fabricated sensor 
array for recognition of N-methyl carbamates in a range of 
concentrations and see its potentials in quantitative analysis. 
Herein, an N-methyl carbamate pesticide (Ze. carbaryl) was 
taken as an example. As depicted in Fig. S7,f carbaryl is found to 
induce diverse recognition patterns from 5 x 10 °to5 x 10 *¢ 
L~'. HCA further revealed that carbaryl at all these investigated 
concentrations and a control can be clearly identified against 
one another with no error or misclassifications out of 30 cases 
(Fig. 3). 

Subsequently, the relationship between the colour changes 
of the array [illustrated by the total Euclidean distances (EDs), 
i.e. square root of the sums of the squares of the ARGB values] 
and concentrations of carbaryl was investigated. As shown in 
Fig. 4, the EDs of the sensor array increase gradually with the 
concentrations of carbaryl. Based on these results, the as- 
fabricated colorimetric sensor array can be applied for identi- 
fication of N-methyl carbamates in broad range of concentra- 
tions, and even for semi-quantitative analysis through the 
corresponding fitting curve between the colour changes of the 
array (i.e. total EDs) and the concentrations of the N-methyl 
carbamate. 


Selectivity and anti-interference capability of the array 


High selectivity and anti-interference capabilities are also 
essential requirements to an analytical method, and thus these 
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Fig. 3 Hierarchical cluster analysis for carbaryl at different concen- 
trations and a control. All of the experiments were performed in 
triplicate. 
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Fig. 4 The total Euclidean distances (EDs) of the array plotted versus 
the concentrations of carbaryl. All of the experiments were performed 
in triplicate; the error bars showed the standard deviation of triplicate 
experiments. 


features of the designed sensor array are followed examined. As 
shown in Fig. S3,t all of other pesticides, i.e. organophosphates 
(e.g. chlorpyrifos), organochlorines (e.g. «-BHC), pyrethroids 
(e.g. deltamethrin), other kind of carbamates (e.g. methomy]), 
and herbicides (e.g. pretilachlor), could not induce any 
remarkable responses to the array even at 10-fold higher 
concentration, ie. 107° g L™*. This observation came as no 
surprise because the detection mechanism of our method is 
based on responses to the produced phenols in basic media 
from N-methyl carbamate pesticides, while none of the others 
could do the same thing. In addition, the common existing 
substances in food samples, such as organic acids (e.g. vitamin 
C), amine acids (e.g. lysine), glucide (e.g. glucose and sucrose), 
and metal ions (e.g. K* and Na’), could not induce any notice- 
able responses of the array (Fig. S8). Importantly, closely 
identical responses of the sensor array to carbaryl are observed 
whether in the absence or presence of these common 
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Fig.5 Effects of a variety of common interferants in food samples in 
the absence (blank bar) and presence (red bar) of 1074 g L~? carbaryl; 
Nat, K+, glucose, sucrose, lysine and vitamin C were at 10-3 g L™t. The 


error bars shown are the standard deviation of triplicate experiments. 


Fig.6 (a) Responses of the array for 1074 g L~ carbaryl in the absence 
(I) and presence of either 10% green tea drinks (II), or apple juice (III). 
For display purposes, the color range of these difference maps of 
carbaryl was expanded from 3 to 8 bits per color (RGB range of 3-10 
expanded to 0-255); (b) responses of 1074 g L7! carbaryl in the 
absence (I) and presence of 10% green tea drinks (II), and 10% apple 
juice (IlI). The error bars revealed the standard deviation of triplicate 
trials. 


interferants (Fig. 5), demonstrating high specificity and strong 
anti-interference capabilities of the developed sensor array for 
N-methyl carbamates. 


Detection of pesticide residues in real samples 


The observed of excellent detection performances of the sensor 
array to N-methyl carbamates prompted us to examine its 
potential applications in real samples. As a preliminary test, 
apple juice and green tea drinks are taken as examples. Since 
the colorimetric sensor array methodology is primarily relying 
on colour changes, the coloured samples have to be decolorized 
(e.g. by activated charcoal) before analysis. Subsequently, the 
same detection procedure for pesticide as in aqueous solution 
was employed, just by adding a certain amount of decolorized 
samples (i.e. apple juice and green tea drinks herein) into the 
control and work solutions, respectively. Due to the complicated 
composition of real samples, maximal 10% for both of the two 
samples can be included in the analysis. As shown in Fig. 6, 
similar recognition patterns and responses (EDs) for carbaryl 
(1074 g L *) were observed either in the absence or presence of 
decolorized green tea drinks or apple juice. These findings 
indicate that the sensor array could be potentially applied for 
the detection of N-methyl carbamate pesticides in real samples. 


Conclusions 


In summary, based on the findings that N-methyl carbamate 
pesticides are decomposed into reactive phenols in basic 
media, a novel strategy of strong base pre-treatment is devel- 
oped and employed to the colorimetric sensor array detection 
and differentiation of this class of pesticides in an indirect 
manner. Specifically, the colorimetric sensor array can be 
facilely fabricated with the use of five inexpensive and readily 
available phenol sensitive indicators. The as-developed array is 
shown excellences not only in discriminating N-methyl carba- 
mates (e.g. carbaryl, metolcarb, isoprocarb, carbofuran, pro- 
poxur, promecarb, methiocarb, fenobucarb, bendiocarb and 
dioxacarb) from other types of pesticides, but further identi- 
fying them exactly from each other. Furthermore, semi- 


quantitative detection can be also achieved by combining 
recognition patterns, classification analysis (i.e. HCA and PCA) 
and corresponding fitting curves. The unique features of this 
current method are high selectivity and anti-interference, 
simultaneous detection and identification capability for each 
of N-methyl carbamate pesticides, and practicability to real 
samples. More importantly, this study further demonstrates 
that the pre-treatment could be an effective strategy in 
expanding the range of applications of the colorimetric sensor 
array methodology to less-reactive analytes. 
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